Introduction
Hard chromium coatings, with wide applications in aircraft, automotive, marine and electronics sectors, have become restricted due to the hexavalent chromium in the electrolyte which may cause severe health and environmental problems. Alternative Ni-based coatings such as Ni-Co, Ni-P and Ni-Co-P, also formed by electrochemical reduction, have shown high hardness and good wear resistance and can be considered as a potential substitute to hard chrome [1] [2] .
Tribological coatings with low coefficients of friction (COF) are in high demand by various industries since they can improve machine efficiency and have an environmental impact by reducing greenhouse gases (e.g., CO 2 ) as well as carcinogens (e.g., NO 2 ). Reducing the COF of Ni-based coatings, which is currently 0.4-0.7 against steel under dry lubrication, has been under continuous pursuit over the last decade. Layered materials like molybdenum disulphide (MoS 2 ) or tungsten disulphide (WS 2 ) are widely used as solid lubricants or as additives in liquid lubricants [3, 4] . Their low friction performance is typically associated with easy shearing of the weak interlayer bonds (van der Waals) in these materials. WS 2 has good thermal stability up to 594°C but MoS 2 has better lubrication properties (COF as low as 0.01 in vacuum). Such an extremely low lubricant can operate somewhat like an oil medium by the formation of a tribofilm between two mutually sliding surfaces. They show an extremely low coefficient of friction due to the layered structures bonded by weak van der Waal's forces facilitating interplanar shear [3] [4] [5] [6] . However, these solid lubricants are limited to apply in vacuum. They are less successful in humid atmospheres since water vapour and oxygen can lead to the formation of oxides which result in an increase of friction [3] . The layered lubricant has reactive dangling bonds on the prismatic edges which are susceptible to oxidise and then lead to the degradation of the low friction property. For example, MoS 2 has a low COF under 0.1 in vacuum or inert atmospheres but will rapidly increase to 0.3 in humid air.
The increase of friction corresponds to the transformation of MoS 2 to MoO 3 which then disrupts layer movement [4] .
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ACCEPTED MANUSCRIPT 3 The field of particle inclusion into electrodeposits by the combination of electrophoretic deposition has been comprehensively reviewed [5, 6] . Successful studies of the codeposition of solid lubricants into a nickel matrix, include Ni-Co-MoS 2 [3] , Ni-MoS 2 [7] , Ni-W-MoS 2 coatings [8] and Ni-WS 2 [9] . With MoS 2 particle inclusions, Ni-Co composite coatings showed a reduced COF of 0.15-0.23 under loads of 1-4 N in contrast to 0.35-0.53 in the absence of a solid lubricant [3] . Cobalt salts, such as the dichloride and sulphate, however have been categorized as 'substances of very high concern' [10] . Electroplating of cobaltbased coatings is likely to face stricter regulation in the future. In other composite coatings, a high volume of MoS 2 particles have been incorporated, e.g., 20% wt. MoS 2 particles were embedded in a Ni matrix [7] and 40% in Ni-W [8] . These composite coatings had a high surface roughness and showed irregular sponge-like structures with large pores. The resultant, loose coatings could easily be wiped away and the increase in MoS 2 content did not result in low friction [8] .
Ni-P alloys possess many advantages over other Ni-based coatings including higher hardness and wear resistance [11, 12] . Although Ni-P coatings are amongst the very few candidates to reach 1000 HV which may indicate they can be a potential replacement for hard chrome, there are few reports on the preparation of Ni-P-MoS 2 by electrodeposition. The only reported Ni-P-MoS 2 coatings were prepared by electroless deposition, with the unstable COF valued from 0.1 [13] to 0.8 [14] . However, the high bath temperature (85°C) and unstable chemicals required by this approach would present a hostile working environment. The present research aims to develop a near frictionless and robust coating at lower bath temperature by electrodeposition. As one of few coating matrices reaching a Vickers hardness of 1000, Ni-P is an ideal candidate for a hard coating. MoS 2 particles acting as a lubrication reservoir will be incorporated into a robust Ni-P coating as well as be protected from oxidation. This self-lubricating coating will use less or do not require oil-based lubricants which is expected to attract considerable research and commercial interest.
Experimental details

Preparation of Ni-P-MoS 2 coatings
The coatings were deposited on a planar, 3 mm thick mild steel substrate which was polished using 120 and 800 grit silicon carbide papers, washed with detergents to remove any oil residue, dried with a paper towel then activated in 10% wt/vol hydrochloric acid for 10 seconds to remove any oxide films and to obtain an active fresh surface. The substrate was rinsed in purified water before electrodeposition. This pre-treatment ensured a good adhesion between the coating and the substrate [15] .
The substrate was placed in an electrolyte solution with the compositions shown in Table 1 .
Each ingredient was added in sequence until fully dissolved in an ultrasonic water bath. The coatings were electrodeposited for 45 minutes at 60 ˚C. The low current density of 2.5 A dm -2 was chosen as the studies showed the higher current would induce cracks [16] . A PTFEcoated, cylindrical steel magnetic follower of 6 mm diameter and 25 mm length, centrally located at the bottom of an 80 mL cylindrical glass beaker was rotated at 120 rev min -1 . The vertically mounted, plane parallel electrodes of 4 cm 2 exposed area were immersed 25 mm apart in the bath.
Characterization of Ni-P-MoS 2 coatings
The composition of the coatings was determined using an energy dispersive spectrometer (EDS) in a JEOL JSM-6500 scanning electron microscope (SEM). The 3D surface topographies were constructed by a stand-alone software package MeX from the three tilted (+5°, 0°, -5°) secondary electron images (SEI). The phase identifications were carried out using a Bruker D2 PHASER X-ray diffractometer with Cu-Kα radiation at a scanning rate of 0.02° per second in the 2θ ranges from 10° to 80°. The hardness of the composite coatings was measured by a Vickers' micro hardness instrument (Matsuzawa MHT-1) at an applied load of 100 g for 15 s. Reported values were averaged from 5 measurements.
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A reciprocating TE-77 tribometer (Phoenix, UK) was used to evaluate the friction behaviour in laboratory air with a relative humidity of 40-50% at 25 °C. The counter body was an AISI-52100 bearing steel ball (diameter 6 mm) with a hardness of 700 HV. The tests were carried out under a load of 14 N (initial Hertzian contact pressure of 1.6 GPa), a sliding frequency of 1 Hz and a sliding stroke of 2.69 mm. The frictional force was recorded automatically by a piezoelectric transducer. The depth of wear tracks were measured from the 3D Mex profiles.
To clarify the lubrication function of MoS 2 , a cross-section from the wear track was prepared by focused ion beam (FIB) and observed under the TEM.
A FEI Quanta 3D FIB was used to precisely mill and cut the cross-section samples from the worn area of coating. A trench depth of 15 µm was produced on either side of the area of interest and the sample was thinned to approximately 100 nm. A glass needle and a micromanipulator were used to hold the membrane and the final specimen was transferred onto a TEM grid with a Pt film. High resolution TEM (HRTEM) images were obtained from a JEOL JEM 3010 operating at 300 kV with a resolution of 0.21 nm.
Results
The effect of MoS 2 concentration on surface morphology
The as-received MoS 2 particles are irregular with the majority having a size of 1-4 µm, as
shown by SEI in Fig. 1a ). The pure Ni-P coating retained the as-received substrate morphology ( Fig. 1b) which indicated the coating grew homogenously. In contrast, the Ni-P- , which might be due to the concentration saturation causing the particles' aggregation [17] .
XRD was employed to study the texture and phase structure of the Ni-P-MoS 2 coatings as shown in Fig. 4 . The broad peaks around 45° which appeared in all the coatings were attributed to {111} plane of the Ni phase. The dominant {111} plane in all deposits was associated with the low surface energy of this plane during electrodeposition. A small Ni {220} peak at 76° existed in the Ni-P coating but disappeared for the Ni-P-MoS 2 coatings.
This could be because in the composite coatings the Ni preferred to nucleate around the MoS 2 particles rather than the Fe/Ni matrix. The crystal size of the Ni-P matrix was calculated by the Scherrer equation using Ni {111}. The crystal size has been estimated as 2.7 nm for the Ni-P coating and as 1.8 nm for the coatings with MoS 2 addition (regardless of MoS 2 concentration). This refinement is attributed to the adsorption of nanoparticles on the cathode which act as nucleation sites for Ni deposition and growth [18, 19] . On the other hand, the particles increase the charge-transfer resistance of the electroplating processes and therefore cause a more negative cathodic potential which enhanced the crystal refinement. The peaks located at 14°, 33°, 36°, 39° and 50° are consistent with the standard peaks of hexagonal MoS 2 (JCPDS Card number 00-024-0513). Stronger XRD peaks corresponded to higher levels of MoS 2 in the coatings.
The effect of MoS 2 contents on friction
The Vickers hardness test was conducted using a diamond tip micro-indenter and the value A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 7 was calculated from indentation widths. However, due to the rough surface of the samples, it was difficult to obtain clear indentation marks. Nano-indentations were carried out on the cross-section of the coatings to acquire more reliable values of hardness. All the Ni-P-MoS 2 coatings showed improved hardness in a range of 605 to 627 HV compared to the Ni-P coating at 530 ± 60 HV (Fig. 5a ). As MoS 2 is much softer than Ni-P, the hardness increase of the composite coating must be attributed to other factors, particularly the decreased crystal sizes from 2.7 nm to 1.8 nm, where the increased grain boundaries may hinder dislocation mobility. out. The coating maintained the low friction without any sign of particle degradation [16] .
MoS 2 contents on wear of the coatings and counterpart balls
After a 1000 s wear test, the morphology of wear tracks on the substrate was imaged under SEI. Grooves and scars along the sliding direction were observed on the wear track of Ni-P in Ni-P-MoS 2 7.9% wt. coating shows one-third the width of wear track compared to the 2% wt.
MoS 2 inclusion coating. The compositions of the wear tracks were measured as listed in Table 2 . In the Ni-P coating without MoS 2 incorporation, a high level of oxygen (9.8%) was detected. This indicated a severe oxidation occurred on the coating during the testing. The presence of a few percentage of iron was wear transfer from the counterpart bearing steel ball.
On the 2% wt. MoS 2 -Ni-P coating, the oxidised debris of MoO and/or NiO were formed and
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8 are presumed responsible for the COF rise to 0.3. With a further increase to 4.1% wt. MoS 2 , the patches width was narrower (Fig. 6c ) and the oxidation was reduced significantly and a low coefficient of friction was achieved. The oxidation was further suppressed in the 7.9% wt. The wear tracks on the counterpart steel balls were also investigated using SEM. After sliding against the Ni-P coating, the counterpart steel ball formed a rough disc with number of debris pieces as shown in Fig. 7a ). The was in micron sizes with the compositions dominated by Ni-P as listed in Table 3 . This indicated the coating debris was transferred to the counterpart ball, which is understandable as the hardness of the counterpart ball (700 HV) is harder than the Ni-P coating (530 HV). Against the 2% wt. MoS 2 -Ni-P coating, the counterpart ball had a similar wear scar but finer sized debris as shown in Fig. 7b ). The debris also consisted of MoS 2 in addition to Ni-P, and Fe x O y . Sliding against the 7.9% wt. The counterpart balls possessed higher O contents than that of pure Ni-P as the rough structure of the coating generated high pressure against each other and thus caused frictional heat and severe oxidation. When the contents of MoS 2 in the coatings increased further, the surface roughness decreased and thus the oxidation on the counterpart balls also decreased. Sliding against the 7.9 wt.% MoS 2 -Ni-P coating, the EDS analysis showed that the steel ball consisted of mostly Fe and few O. The corresponding ball's surface in Fig. 7c ) had much less debris with a dark appearance. These patches were dominated by Ni, P and MoS 2 , which were transferred from the coating. Considering the percentage of MoS 2 over (Ni-P+MoS 2 ) was 40% compared to 7.9% on average in the coating, it may be concluded that MoS 2 was more readily transferred than Ni-P onto steel to form a tribofilm layer acting as lubrication. It is interesting to observe that the majority of these split parts were arranged in a triangle with or without contacts directly. Such a pattern was well recognised in the hexagonal titanium from phase transformation, and had been attributed to self-accommodation in order to minimise the transformation strain [20] . It is reasonable to deduce that such an arrangement of these fractured MoS 2 could act in a similar way to accommodate the strain induced due to the shear applied [21] .
Discussion
During metal or alloy electrodeposition, the distribution of current over the smooth surface of electrodes is uniform, all the metal ions moving in the electrolyte being subject to the same
Coulomb force E*q t (E represents the electric field, q t represents the charge of ions) [22, 23] .
The deposition rate remains constant at the different sites on the substrate, therefore a homogenous coating is expected to be produced. However, the situation was different for composite electrodeposition of Ni-P-MoS 2 . The change is directly related to the non-uniform distribution of current on the electrode surface with adsorbed particles. When conductive or
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
10 semi-conductive particles were added into the electrolytic solution, the electrolytic current concentrated in the vicinity of particles on the cathode (bigger E) as illustrated in Fig. 9 . In consequence, the ions in solution move at higher velocity υ towards these tip points due to the greater Coulomb force E*q t , speeding up the crystal growth at these locations and creating many deposit protrusions on the surface. As a result, a rough surface was obtained for the Ni-P-MoS 2 coating while the Ni-P coating displayed a flat surface.
MoS 2 has been attracted intensive interest as a solid lubricant. However, in a humid environment, MoS 2 is easily oxidized to MoO 3 which can cause the material to stick, accelerate the deterioration of its easy shear performance and lead to an increase of friction.
In the composite coating, however, the MoS 2 particles were fully surrounded by Ni-P matrix and thus prevented from oxidizing. Accordingly these coatings can maintain a low friction coefficient for a long period. Compared to the mild steel (Fig. 10a ) and the Ni-P coating (Fig.   10b ), no oxidation was detected after wear against a bearing steel ball as shown in Fig. 10c ).
These results confirm that the solid lubricant has reduced the friction of the resultant Ni-P coating, and the higher the amount of MoS 2 incorporated in the coating the lower the friction coefficient achieved. MoS 2 has a much stronger adhesion to the Ni matrix than to a stainless steel [24] , in which the strong interatomic bonding would endure the high stress and reduce wear damage. This was evidenced by the integrity of the Ni-P-MoS 2 coating during the long wear test. The weak Van der Waal's bonding between two layers allows MoS 2 to slide easily, providing low friction. A sufficient concentration of MoS 2 (7.9% wt. in this study) ensured the formation of a complete self-lubricated tribofilm to avoid the metal-metal contact, in this case, Ni-iron contact. This could explain why some previous reports of the COFs on metalMoS 2 coatings were as high as 0.8, e.g. [14] . The integrated tribofilm was also accompanied by the benefit of diminishing oxidation by reducing heating due to friction. The tribofilm was transferred to the counterpart steel ball as lubrication therefore less frictional heat was generated and less oxidation occurred. Therefore, the increase of MoS 2 content in the coating has not only improved the wear resistance of the coating but also effectively protected the counterpart ball from wear.
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Conclusions
The present research has successfully developed a robust coating with an extremely low friction coefficient. This composite of Ni-P- 
